Abstract Switchgrass (Panicum virgatum L.) is an important crop for bioenergy feedstock development. Switchgrass has two main ecotypes: the lowland ecotype being exclusively tetraploid (2n = 4x = 36) and the upland ecotype being mainly tetraploid and octaploid (2n = 8x = 72). Because there is a signiWcant diVerence in ploidy, morphology, growth pattern, and zone of adaptation between and within the upland and lowland ecotypes, it is important to discriminate switchgrass plants belonging to diVerent genetic pools. We used 55 simple sequence repeats (SSR) loci and six chloroplast sequences to identify patterns of variation between and within 18 switchgrass cultivars representing seven lowland and 11 upland cultivars from diVerent geographic regions and of varying ploidy levels.
Introduction
Switchgrass (Panicum virgatum L.) is an important crop used as a bioenergy feedstock. It is water and nutrienteYcient, high in biomass yield, tolerant to many biotic and abiotic stresses, and adapted across a wide geographic range, including marginal lands (Sanderson et al. 2007 ). The broad geographic adaptation of switchgrass in North America is reXected by a wide array of phenotypic variability with some very strong associations between phenotype and environment (Casler and Boe 2003; Casler et al. 2007a) .
Switchgrass is an outcrossing, perennial C4 grass, mostly self-incompatible with two phenotypically distinct ecotypes across its distribution: upland (e.g., cultivars Blackwell and Summer) and lowland (e.g., cultivars Alamo and Kanlow) ecotypes. The upland ecotype is usually associated with xeric to mesic habitats and northern latitudes and the lowland ecotype is prevalent in more hydric habitats and southern latitudes . Variation among and within ecotypes is believed to be related mainly to latitude of origin and is usually reXected in reproductive phenology and winter-hardiness (Casler et al. 2007b ). For example, southern switchgrass germplasm tends to Xower later in the season, allowing more time for vegetative growth and therefore increased yields. Thus, lowland cultivars tend to be larger (¸2.7 m, tall) and produce more biomass than the comparatively shorter (·2.4 m, tall) upland cultivars. Switchgrass can be divided into a ploidy series from 2n = 2x = 18 to 2n = 12x = 108 (Nielson 1944 ) with possible ploidal variation including aneuploids (Costich et al. 2010) . Lowland ecotypes are tetraploid (2n = 4x = 36) and upland ecotypes are mainly tetraploid and octaploid (2n = 8x = 72) Hultquist et al. 1996 Hultquist et al. , 1997 Lu et al. 1998; Costich et al. 2010) .
The upland and lowland ecotypes have been clearly assigned in distinct genetic clusters based on polymorphisms in chloroplast sequences (Hultquist et al. 1996; Missaoui et al. 2006) , random ampliWed polymorphic DNA (RAPD; Gunter et al. 1996) , a nuclear gene encoding plastid acetyl-CoA carboxylase (Huang et al. 2003) , and restriction fragment length polymorphism (RFLP) markers (Missaoui et al. 2006) . Little or no diVerentiation has been detected within ecotypes and ploidy levels in such studies. More recently, simple sequence repeats (SSR) have been identiWed in expressed sequence tags and genomic sequences that provide highly variable, reproducible marker systems for genotyping switchgrass (Tobias et al. 2005 (Tobias et al. , 2006 (Tobias et al. , 2008 Narasimhamoorthy et al. 2008) . Switchgrass SSR diversity studies have utilized a limited number of lowland or upland cultivars represented by a few individuals per cultivar and have not identiWed clear diVerences beyond ecotype diVerentiation (Narasimhamoorthy et al. 2008; Cortese et al. 2010) .
Because there are signiWcant diVerences in morphology, growth pattern, and adaptation zones among switchgrass accessions, it is important to be able to easily discriminate between genetic pools with diVerential environmental adaptation. The reported presence of hybrid vigor in upland £ lowland crosses and the possibility that the two ecotypes may act as natural heterotic groups (MartinezReyna and Vogel 2008; Vogel and Mitchell 2008) creates a further need for accurate and eYcient discrimination between switchgrass genetic pools.
The genetic diVerentiation of switchgrass cultivars should be feasible because they represent well-diVerentiated genetic pools from a wide range of ecosystems and are not far removed from wild populations. Most cultivars are simple seed increases of prairie-remnant populations or were developed from a limited number of breeding cycles, no more than two or three generations removed from the wild (Sanderson et al. 2007; Casler and Boe 2003; Casler 2010) . Moreover, since early adoption and deployment of switchgrass for bioenergy production has been based on a limited number of existing cultivars (Casler 2010) , a greater knowledge of the genetic structure of switchgrass genetic pools will be essential for the preservation of genetic diversity during breeding. Information regarding the amount of genetic diversity present among switchgrass cultivars will be valuable to understand the diversity in natural populations, in breeding programs, and in public germplasm collections. Characterization of genetic diversity will be essential to select the most diverse genotypes for germplasm improvement and hybridization to develop superior cultivars, maintain genetic integrity of the cultivars, conserve germplasm for regional use, and for genetics and genomics projects including population structure, gene Xow, and mapping studies.
The aim of this study was to use SSR markers and chloroplast DNA (cpDNA) sequences to study the genetic variation among and within switchgrass cultivars, which represent the upland and lowland ecotypes, multiple ploidy levels, and a broad geographic range. The speciWc objectives of this study were to: (1) discriminate upland and lowland ecotypes from multiple ecological regions, (2) identify the potential for SSR markers to discriminate ploidy levels, (3) identify patterns of DNA polymorphisms related to geographic origin and ecological regions, and (4) identify the potential of SSR markers as a tool to Wngerprint speciWc switchgrass cultivars.
Materials and methods

Plant materials
Eighteen cultivars were chosen for this study based on a broad range of diversity and the availability of viable seed (7 lowland and 11 upland; Table 1 ). All the 18 cultivars can be considered ecotypes since they are simple seed increases of prairie-remnant populations, represent no more than two or three generations removed from the wild, or are close derivatives of ecotypes, having undergone only one or two generations of selection, not suYcient to change their region of adaptation. Thus, all 18 cultivars are still highly representative of local germplasm from their respective regions. Seeds from each cultivar were obtained from the USDA National Genetic Resources Program (NGRP; http:// www.ars-grin.gov/npgs/index.html), and a total of 1,200 (50-100/cultivar) single seeds were planted. The resulting seedlings yielded 370 transplants (single genotypes) that were raised in the greenhouse from which 184 samples were selected to represent 18 cultivars (Table 1) . The goal was to represent each cultivar with at least eight plants, but this was not accomplished in some cases due to reduced germination rates and/or seedling mortality. Additionally, leaves from eight switchgrass plants of uncertain origin from the USDA-ARS breeding program in Madison, WI were included in the study for classiWcation purposes.
Flow cytometry
Leaves from individual plants of each cultivar were prepared and analyzed separately using the CyStain PI Absolute P kit (Partec, Swedesboro, NJ, USA). Solution suspensions of nuclei were prepared in a Petri dish by Wnely scoring fresh leaf samples (100 mg) for 60-120 s with a sharp razor blade in 2 ml of CyStain PI Absolute P lysis buVer. Our homogenization procedure involved scoring rather than chopping since we found this method to be relatively gentle and allowed the release of nuclei while leaving the leaf tissue largely intact to avoid extra cellular debris. After ice incubation for 5 min, the solution was Wltered using a 20 m Celltrics Wlter (Partec, Swedesboro, NJ, USA) and then centrifuged for 5 min at 200 RCF. Afterward, the supernatant was discarded, and the cells were gently resuspended using 500 l of CyStain PI Absolute P staining buVer and stained using 25 l of a CyStain PI Absolute P propidium iodide and RNase solution. The stained nuclei samples were incubated for 45 min at 37°C before Xow cytometric analyses and then analyzed using a FACScalibur Xow cytometer (Becton-Dickinson, San Jose, CA, USA) equipped with an argon laser (488 nm).
The mean DNA content per plant cell for each sample was analyzed using ModFit software (Verity Software House, Topsham, ME, USA). Mean DNA content per plant cell was based on a minimum of 5,000 nuclei count. Ploidy levels of the various cultivar samples were estimated by comparing the relative DNA content of cultivars to a single Alamo sample, a known tetraploid. Ploidy levels were then determined from the ratio of the control Alamo sample and unknown ploidy cultivars samples using the following equation: mean peak value for the unknown ploidy cultivars sample divided by the mean peak level for the Alamo standard multiplied by 3.0 (the mean DNA content of switchgrass reported by Hultquist et al. 1996) . Samples with a mean DNA content, 2.7-3.2 pg, were deemed tetraploid and samples with 4.8-6.0 pg were classiWed as octaploid Hultquist et al. 1996 Hultquist et al. , 1997 Lu et al. 1998; Costich et al. 2010 ).
Primer selection
Initially, 2,351 SSR primer pairs developed at the USDA-ARS, Western Regional Research Center, Genomics and Gene Discovery Unit were tested (Tobias et al. 2008 ) using one plant from Kanlow (lowland type) and one plant from Summer (upland type). Subsequently, the best 476 primer pairs were chosen based on ampliWcation quality and polymorphic alleles between the Summer and Kanlow plants. These primer pairs were evaluated using a small panel of diverse switchgrass genotypes (one plant each from Alamo, Dacotah, Cave-in-Rock, Timber, Wabasso, Stuart, Shelter, and Forestburg). These genotypes were chosen to represent extreme phenotypic diversity within switchgrass, while minimizing the number of genotypes for this preliminary screen of SSR markers. We identiWed a total of 55 SSR loci with optimal ampliWcation characteristics, easily scorable bands, absence of spurious peaks, and potentially useful in the diVerentiation of the two switchgrass ecotypes, ploidy levels, and cultivars within ecotypes (Table 2 ; Online Resource 1). All 55 SSR loci produced amplicons of the expected size according to Tobias et al. (2008) .
DNA isolation and PCR
Total genomic DNA was isolated from approximately 0.5 cm 2 of leaf tissue using a DNeasy kit (QIAGEN, Valencia, CA, USA). The M13 universal primer (M13 forward, 5Ј-CACGACGTTGTAAAACGAC-3Ј) was labeled either with carboxyXuorescein (FAM) or hexachloroXuorescein (HEX) Xuorescent tags. Forward primers were appended at the 5Ј-end with the M13 sequence (i.e., CACGACGTT GTAAAACGAC) to allow indirectly labeling of reactions (Tobias et al. 2008) . Reverse primers were appended with the sequence GTTTCTT (PIGa) or GTTT (PIGb) at the 5Ј-end. These sequences were found to promote nontemplated (A) addition and facilitated subsequent genotyping (Tobias et al. 2008) . Polymerase chain reactions (PCR) were performed in 8 l total volume using 3.5 l 1£ JumpStart REDTaq ReadyMix (Sigma, St. Louis, MO, USA), 2 l 5 ng/ l genomic DNA, 1.25 l of H 2 O, 0.5 l 5 M M13-FAM/HEX primer, 0.5 l 5 M reverse/0.5 M forward primer, 0.125 l 5 M betaine (Sigma, St. Louis, MO, USA), and 0.125 l 50 mg/ml BSA (CHIMERx, Milwaukee, WI, USA). Thermocycling conditions consisted of an initial melting step (94°C for 3 min), followed by 30 cycles of 94°C for 15 s, 55°C for 90 s, and 72°C for 2 min, and a Wnal elongation step (72°C for 20 min), followed by an indeWnite soak at 4°C. PCR products (2 l) using diVerent Xuorescent labels (i.e., FAM and HEX) were pooled and combined with 15 l Hi-Di formamide (Applied Biosystems, Foster City, CA, USA) and 0.5 l of carboxy-X-rhodamine (ROX) standard (GeneFlo-625 ROX; CHIMERx, Milwaukee, WI, USA). SSR allele genotyping was performed using an ABI 3730 Xuorescent sequencer (POP-6 and a 50-cm array; Applied Biosystems, Foster City, CA, USA). Alleles were scored using GeneMarker Software version 1.5 (SoftGenetics, State College, PA, USA). PCRs were repeated on approximately 10% of the samples, and we obtained 99% repeatability.
Estimates of genetic parameters
All amplicon products from each SSR primer pair were considered single-locus alleles for the purpose of estimating the following genetic parameters. Genetic diversity measures, sample size (n), observed number of alleles (No alleles), number of private alleles (No. private), average number of alleles (Na), total number of alleles per individual (Na/individual), and polymorphism information content (PIC), were estimated for each locus and population (Table 2) . PIC was calculated as follows:
where f i is the frequency of the ith allele. We compared the genetic diversity by ecotypes, ploidy levels, and cultivars.
Population structure
We used several methods to investigate the genetic structure in our sample of cultivars. For this purpose, data obtained with the SSR loci were scored in a binary format as presence (1) or absence (0) of bands. A pairwise, individual-by-individual Euclidean distance matrix generated in GeneAlEx 6.0 (Peakall and Smouse 2006) for the binary data was used to perform subsequent analyses. Principal coordinate analysis (PCoA) was performed. The degree of genetic diVerentiation among cultivars was estimated using Nei's genetic distance, calculated between all pairs of populations (GeneAlEx). Finally, an analysis of molecular variance (AMOVA) based on 9,999 permutations was performed on all individuals, to account for marker diversity associated with ecotypes, ploidy, cultivars, and plants (GeneAlEx). Additionally, the percentage of variation associated with apparent cluster groups was determined by an a posteriori AMOVA.
Bayesian clustering algorithms available in the program STRUCTURE (v. 2.2) (Pritchard et al. 2000) were used to infer whether there were genetic discontinuities in multilocus genotype data independent of the populations from which the individuals were sampled. We ran STRUCTURE using 50,000 Markov chain Monte Carlo iterations with 50,000 burn-in iterations and 10 replicates per run. We used the "admixture model" in which each individual draws a fraction of its genome from each of K subpopulations, and the case of "no prior population information". The most likely true value of K was estimated using Bayes' rule as speciWed in Pritchard et al. (2000) and the DK method proposed by Evanno et al. (2005) . cpDNA sequence analysis Chloroplast DNA (cpDNA) was ampliWed from the following six intergenic regions: trnL(UAA), trnT(UGU)-trnL(UAA) 5Ј, and trnL(UAA) 3Ј-trnF (GAA) (Taberlet et al. 1991) ; trnH(GUG)-psbA (Hamilton 1999) ; psbJ-petA and atpIatpH ndhA (Shaw et al. 2007 ) (Online Resource 2). PCR were performed in 6-l volumes containing 1£ JumpStart REDTaq ReadyMix (Sigma, St. Louis, MO, USA), 0.2 M each primer, 1 M betaine (Sigma, St. Louis, MO, USA), and 10 ng template DNA. Thermocycling conditions were as follows: 80°C for 5 min; 35 cycles of 95°C for 1 min, 50°C for 1 min with a ramp of 0.3°C s ¡1 , 65°C for 5 min. PCR products were puriWed by adding 2 l of 0.1 U l
¡1
Exonuclease I (USB Corp., Cleveland, OH, USA) and 0.1 U l ¡1 Shrimp Alkaline Phosphatase (USB Corp., Cleveland, OH, USA) and incubating 30 min at 37°C followed by 20 min at 80°C and 30 s at 4°C. PuriWed PCR products were sequenced in both directions using separate sequencing reactions. Sequencing reactions were performed using a BigDye Terminator v3.1 Cycle Sequencing Kit Applied Biosystems, Foster City, CA, USA) according to the method of Platt et al. (2007) and resolved on an ABI 3730 Genetic Analyzer Applied Biosystems, Foster City, CA, USA). Sequences were aligned and contigs were compared using Codon Code Aligner version 3.5 (CodonCode Corp., Dedham, MA, USA) using the MUSCLE algorithm (Edgar 2004) . Haplotypes among sequences were identiWed using GeneAlEx 6.0 (Peakall and Smouse 2006) and submitted to GenBank (accessions HQ110705-HQ110715).
Results
Ploidy assessment
Flow cytometry of our switchgrass samples conWrmed the expected ploidy of the cultivars used in this study ( Table 1 ). All of the lowland cultivars were classiWed as tetraploids, with average DNA content ranging from 2.8 to 3.2 pg. Similarly, two upland cultivars, Summer and Dacotah were classiWed as tetraploids, with average DNA content ranging from 2.7 to 2.8 pg. The remaining nine upland cultivars were all classiWed as octaploids with average DNA content ranging from 5.5 to 5.9 pg. Six of the plants of unknown origin were tetraploid with DNA content of 2.9 pg and two were octoploid with DNA content of 5.7 pg, which led to a combined of 3.6 pg (Table 1) .
Genetic diversity
The 55 primer pairs used in this study produced ampliWcation fragments corresponding to the expected lengths (Tobias et al. 2008) . Overall, 501 alleles were detected with an average of 9.1 alleles and a range from 2 to 28 alleles per locus ( Table 2) . Out of the 55 loci, 18 produced 10-28 alleles per locus, 32 ampliWed 5-9 alleles, while the rest had 4 or fewer alleles. The PIC at each locus ranged from 0.28 to 0.89 with an average of 0.66 PIC overall loci.
We observed 315 alleles in the seven lowland cultivars (n = 60) with 78 of them being speciWc for the lowland ecotype. Similarly, the 11 upland cultivars plus the eight unknown samples, which were all classiWed as upland (n = 132) possessed 423 alleles with 186 being speciWc for the upland ecotype (Table 3) . Grouping the cultivars by ploidy, we observed 226 alleles (9 private) in the 4£ uplands (n = 32) and 410 alleles (119 private) in the 8£ uplands (n = 95), including the eight plants of unknown origin (six 4£ and two 8£). The number of alleles per individual was 84 and 85 in the 4£ lowland and 4£ upland cultivars, respectively, and 120 in the 8£ upland. The PIC was 0.64, 0.58, 0.70 for the 4£ lowland, 4£ upland, and 8£ upland, respectively. When cultivars were analyzed separately, PIC values ranged between 0.40 and 0.67 (Table 3) . Overall, 109 cultivar-speciWc alleles (»22% of the total) were detected with the highest number of cultivarspeciWc alleles observed in Alamo and Forestburg (19 and 13, respectively) and the lowest observed in Timber, Summer, and Shawnee (1, 1, 0, respectively).
Genetic diVerentiation
Nei's genetic distance coeYcients between switchgrass cultivars ranged from 0.02 to 0.16 with a mean genetic distance between cultivars of 0.10 (Online Resource 3). The mean Nei genetic distance between cultivars among ecotypes was 0.13 while the mean genetic distance of cultivars within ecotypes was 0.07 (0.02-0.10 within the lowland ecotypes and 0.03-0.09 within the upland ecotypes). The Nei distance revealed most genetic diVerentiation between upland and lowland ecotypes, while cultivars within ecotypes were comparatively more similar. Likewise, the PCoA successfully discriminated all individual accessions from the 18 cultivars analyzed (Fig. 1a) . Moreover, ecotypes and ploidy levels were completely separated from each other in two dimensions with 62.6% of the total genetic variation explained, (47.3 and 15.4%, respectively; Fig. 1b ). In the AMOVA, SSR variation was signiWcant (P < 0.0001) among ecotypes and ploidy accounting for 19% of the total variation (Table 4 ) and 51% (19/37) of the marker variation among cultivars. Structure analyses conWrmed our Wndings by PCoA and AMOVA. When only two populations (K = 2) were assumed, we identiWed two genetic clusters, which corresponded to the samples divided by ecotype (Fig. 2a) . Similarly, when K = 3 were assumed, our samples were divided into the three main groups: 4£ lowland, 4£ upland, and 8£ upland (Fig. 2b) . The most likely true value of K identiWed by STRUC-TURE was K = 6 (Fig. 2c) . Clustering using diVerent methods denoted groupings mostly consistent with the six groups. For example, both STRUCTURE (K = 6; Fig. 2c ) and PCoA (Fig. 3a, b) analyses revealed similar patterns separating cultivars according to geographic origin: Eastern Gulf Coast and Southern Great Plains origins for lowland cultivars and Northern Great Plains, Central Great Plains, or ancient Eastern Savanna (east of the Mississippi River) for octaploid upland cultivars. When analyzed by AMOVA, the variation (P < 0.0001) among these six lineages accounted for 21% of the total variation (Table 4) and 60% (21/35) of the marker variation among cultivars.
cpDNA sequence results
At least two plants from each cultivar were sequenced for the previously referenced intergenic regions of the chloroplast genome. Of the six sequenced regions four were informative with at least one polymorphic locus (trnT-trnL, trnL(UAA), atpH-atpI, and psbJ-petA). A total of 13 polymorphic sites were identiWed within these four intergenic regions (Table 5 ). This includes the previously identiWed 49-bp insertion in the trnL(UAA) intron, which has been suggested as diagnostic of the upland versus lowland ecotypes (Missaoui et al. 2006) . From our data, the 49-bp indel was not strictly diagnostic for the switchgrass ecotypes, as it was present in two eastern Gulf Coast lowland accessions, Miami and Wabasso. Combining data from all polymorphisms identiWed six unique haplotypes; two of these were strictly associated with the lowland phenotype and four were associated with the upland phenotype.
Discussion
The Wrst goal of this study was to genetically diVerentiate switchgrass ecotypes using molecular markers. We Wrst described the genetic proWles of seven lowland cultivars and 11 upland cultivars using 55 SSR primer pairs and found a signiWcant number of ecotype-speciWc alleles (78 lowland and 186 upland; Table 2 ). The data set consistently discriminated individuals from the diVerent cultivars into their expected ecotype membership by all methods used: Nei's genetic distance (Online Resource 3), AMOVA (Table 4) , PCoA (Fig. 1a) , and STRUCTURE (Fig. 2a) .
Our SSR data indicated that the eight samples of unknown origin were upland ecotypes (Fig. 1b) . The high frequency of private alleles and separate clustering of lowland and upland populations in our study suggest they are largely reproductively isolated. Known causes of this reproductive isolation include both pre-and postfertilization incompatibilities (Martínez-Reyna and Vogel 2002) and diVerences in the timing of Xowering due to the strong photoperiodism of the species (Martinez-Reyna and Vogel 2008). We also investigated the utility of chloroplast markers to diVerentiate ecotypes (Table 5) . We found that not all lowland cultivars (i.e., Wabasso and Miami; Table 5 ) were missing the 49 nucleotides in the trnL (UAA) intron which was reported by Missaoui et al. 2006 to unambiguously diVerentiate upland and lowland ecotypes. The cultivars Wabasso and Miami are examples of lowland germplasm from unique ecological regions not previously investigated using cpDNA sequence variation that might be genetically highly diVerentiated. Our results indicate that no single chloroplast polymorphism unambiguously separates upland and lowland ecotypes, but haplotypes of polymorphisms can diVerentiate the plants within the scope of this study. 
A B
However, switchgrass has a low cpDNA sequence variation and its strict maternal inheritance can easily lead to discrepancies with patterns of nuclear DNA diversity when there has been recent hybridization between genetic pools. Our study has conWrmed that the lowland and upland ecotypes are genetically well diVerentiated (Missaoui et al. 2006; Narasimhamoorthy et al. 2008; Cortese et al. 2010 ), but we recommend that nuclear markers must be used in conjunction with chloroplast sequences to correctly classify upland and lowland germplasm, especially when the origin is novel, unknown, or the phenotype is ambiguous. Our second goal was to diVerentiate switchgrass ploidy levels using molecular markers. The ability to diVerentiate ploidy levels in switchgrass is extremely important to avoid incompatibilities during breeding (Martínez-Reyna and Vogel 2002) and since gene dosage eVects may explain midparent heterosis observed in switchgrass (Martínez-Reyna and Vogel 2002). While we could not clearly distinguish allele dosage (i.e., duplex, triplex, etc.) due to variations in relative SSR allele peaks, we show the Wrst case of clear genetic diVerentiation among switchgrass ploidy levels using molecular markers. Our aim was to provide a high-throughput method for ploidy determination as an alternative to chromosome counts and Xow cytometry since these techniques are time consuming and might be diYcult to implement. Switchgrass plants were tested for ploidy by Xow cytometry where octoploid samples possessed close to double value of DNA content in than tetrap6loid cultivars, and the results were compared to our SSR loci analysis. Plants classiWed by Xow cytometry as tetraploid averaged »84 alleles (range 74-95) versus »116 alleles (range 102-129) for octaploid plants (Table 3 ; range data not shown). Thus, diVerences in allele numbers were diagnostic and consequently ploidy levels were signiWcantly diVerentiated by AMOVA (Table 4) . Additionally, clusters related to the number of alleles present in each individual (i.e., ploidy levels) were revealed by PCoA (Fig. 1b) and STRUCTURE (Fig. 2b) . The markers also proved eYcient in classifying samples of uncertain origin into ploidy levels. Six samples from our breeding program were classiWed as 4£ upland (»89 alleles) and two were classiWed as 8£ upland (»125 alleles), which exactly matched our results based on Xow cytometry (Fig. 2b) .
In switchgrass, distinct inheritance patterns occur in tetraploids (disomic) and octoploids (polysomic) reXecting diVerences in mode and/or timing of origin (Okada et al. Table 5 Chloroplast DNA (cpDNA) polymorphisms from sequence analysis of 42 switchgrass plants representing 18 cultivars, representing a total of six haplotypes
). However, in our study markers with apparent diploid segregation in tetraploid cultivars (i.e., single-locus disomic markers; maximum of two peaks observed per individual) were rare or likely due to the lack of representation of low frequency alleles. Our molecular marker data, though, is consistent with the reported limited genetic exchange between switchgrass ploidy levels due to pre-and postfertilization incompatibility systems that inhibit intermatings between octaploids and tetraploids (Martínez-Reyna and Vogel 2002) . In fact, we detected nine private alleles for the 4£ uplands, and 119 private alleles for 8£ uplands (Table 2) suggesting signiWcant genetic isolation between ploidy levels. The overabundance of private alleles related to the 8£ uplands suggests a higher diversity level, independent from ploidy in the 8£, but the fact that only nine alleles are unique to the 4£ upland genetic pool suggests more recent events. According to McMillian (1959) , modern grasses represent more recent developments occurring since the recession of the Pleistocene Glaciation. Moreover, switchgrass colonizing prairie ecosystems during the past 11,000 years may have originated from southern refugia east of the Rocky Mountains (Casler et al. 2007a, b) . Surviving switchgrass populations probably experienced strong selection pressures during both the preglacial cooling periods and post-glacial warming periods, and afterward migration north could have resulted in additional selection and drift. Since 8£ is the predominant upland type and the frequency of upland 4£ populations increases with latitude, one possible explanation for the large number of 8£ private alleles over 4£ upland is that 8£ has shown increased survivorship during past glaciation and migration events. This explanation is feasible since higher level polyploids often possess high genetic diversity and levels of heterozygosity, which may increase their ability to survive, colonize, and buVer against founder eVects (Parisod and Besnard 2007) . Since, the most recent switchgrass polyploidization event occurred 1 million year ago (Huang et al. 2003) and 4£ may be the ancestral ploidy, the 8£ genetic pool may have retained more of the ancestral alleles because of reduced genetic drift, resulting in a large number of private alleles. On the other hand, species linked to glaciations often show decreases of genetic diversity with distance from the refugia due to founder eVects (Parisod and Besnard 2007) . According to McMillian (1959) a likely refugium for upland switchgrass may have been western Texas; thus the large distances from this refugium of current 4£ upland range would explain their low number of private alleles.
Our third goal was to identify patterns of DNA polymorphisms related to geographic origin and ecological regions. DiVerentiation at this level might be possible since switchgrass populations have been found to possess considerable variation in adaptation across their geographic range, mainly related to photoperiodism and latitudinal adaptation (Casler et al. 2007b) . Furthermore, several studies have reported that switchgrass collected from relatively narrow geographic regions may be genetically similar (Missaoui et al. 2006; Narasimhamoorthy et al. 2008; Cortese et al. 2010) . Our SSR and chloroplast sequence data suggest that the 18 cultivars used herein can be divided into groups largely related to geographic zones. In fact, both PCoA (Fig. 1b) and STRUCTURE (Fig. 2b) grouped the cultivars into similar groups based on nuclear marker data. Such clustering revealed six groups (best K identiWed by STRUCTURE; two lowland and four upland groups) that when analyzed by AMOVA accounted for 21% of the total variation and 60% (21/35) of the marker variation among cultivars, which were higher variation percentages than the observed for ecotype and ploidy (Table 4) .
The lowland cultivars from the Southern Great Plains (Alamo and Kanlow) were genetically very similar, and Timber and SG5 (unknown origin) grouped closely with these cultivars. Although, Timber reportedly originated in North Carolina, outside of the typical lowland range, it has been previously associated genetically with Kanlow (Cortese et al. 2010) , indicating that Timber likely originates from the Central Great Plains or may be a selection out of Kanlow. On the other hand, a distinct cluster was formed by the Eastern Gulf Coast cultivars (Miami, Stuart, and Wabasso). Although only 10 individual plants from this region were included in our study, we detected 58 private alleles (data not shown) in this sample from this geographic region. Additionally, the chloroplast sequences yielded a unique haplotype, speciWc to two out of the three cultivars in this group (Table 5) , supporting the idea of genetic diVerentiation between Gulf Coast and Great Plains lowland switchgrass genetic pools.
Similarly, we found three 8£ upland switchgrass groups, mainly consistent with Northern Great Plains, Central Great Plains, and Eastern Savanna lineages, based on nuclear DNA analyses, while the 4£ Northern Great Plains cultivars formed a separate cluster (Figs. 1b, 2b) . For the chloroplast sequences of upland individuals, we observed four unique haplotypes, although two of the haplotypes were unique at only one base-pair and included only plants from the cultivar Sunburst and Shelter (Table 5) . Thus, only two main haplotypes were observed in the upland switchgrasses, with three out of four cultivars from the Central Great Plains possessing the same haplotype (Blackwell, Trailblazer, and PathWnder). Similarly, the Northern Great Plains (8£, Forestburg and Sunburst and 4£, Summer and Dacotah) and Eastern Savanna (Cave-in-Rock, Shelter, Shawnee) cultivars shared the same haplotype.
Results from recent studies showing switchgrass genetic groupings related to geographic origin vary considerably (Missaoui et al. 2006; Narasimhamoorthy et al. 2008; Cortese et al. 2010) . Population diVerentiation may occur over vast geographic distances, caused by diVerential climate, daylength, or habitat (Casler et al. 2007a) . Switchgrass diVerentiation by ecological region may have been created by diVerential selection pressures and drift over hundreds or even thousands of years. More recently, however, agricultural activities (e.g., transport of hay containing seeds across regions) and other human disturbances involving switchgrass may have confounded some of the genetic attributes of switchgrass remnant populations making it diYcult to detect genetic diVerences. Also, gene migration occurring via pollen or seed could have potentially diluted genetic diVerences related to large-scale latitude, climatic, or habitat factors. The results presented herein represent the most comprehensive study to date using both highly informative markers (i.e., 501 alleles from SSR) along with four informative chloroplast sequences providing evidence of genetic variation associated with ecological regions in switchgrass.
According to McMillian (1959) , switchgrass may have survived during the Pleistocene Glaciations in three southern refugia: Upland Plains, Lowland Plains, and Eastern Gulf Coast (Online Resource 4). Our results, based on both SSR and chloroplast sequencing, are consistent with a three-refugia hypothesis. In this hypothesis, the two lowland genetic pools identiWed in our study, the Southern Great Plains and Eastern Gulf Coast, would be associated with McMillian's Lowland Plains and Eastern Gulf Coast refugia, respectively. Similarly, at least two upland genetic pools may have survived in a larger Upland Plains refugium. Based on chloroplast sequence data and given the strong latitudinal adaptation of switchgrass populations, we hypothesize that the colonization events since the last glacial recession occurred northbound Wrst and then eastbound with diVering switchgrass adaptations, possibly created by drift and selection during and after the glaciations events, giving rise to the observed genetic pools based on SSR data. The lack of east-west cpDNA diVerentiation points to more recent eastward migrations from the Great Plains to the Eastern Savanna.
The last goal of this study was to identify the potential of SSR markers as a tool to Wngerprint speciWc switchgrass cultivars. Our selected SSR primers proved to be a powerful tool for the detection of genetic diVerences in switchgrass. All 192 plants in this study were fully diVerentiated from each other with as few as two SSR loci (sww438 and sww857). A minimum of 13 microsatellite loci were suYcient to classify 100% of the plants into their correct ecotype with all 4£ upland and 92% of the 8£ upland correctly classiWed (data not shown). However, at least 25 loci were required for classiWcation of switchgrass lineages and to distinguish cultivars (data not shown). Genetic diversity was fairly high and consistent across cultivars regardless of sample size, indicating that the genetic variability among or within cultivars has not been diminished by breeding and that small prairie remnants can be valuable sources of genetic diversity. Cultivars varied in marker frequencies and in the presence or absence of individual alleles (Table 3) . In fact several cultivars possessed high numbers of cultivar-speciWc alleles, Alamo and Forestburg (19 and 13, respectively) which could readily be used for identiWcation purposes.
A hierarchical classiWcation approach by PCoA proved an eVective method for cultivar classiWcation. For example, when lowland and upland cultivars were analyzed together, no clear distinctions were observed at the cultivar level, but analyzing the ecotypes separately revealed diVerentiation of switchgrass cultivars from highly disparate origins (Fig. 3a, b) . Further hierarchical classiWcation analyses of upland cultivars allowed the clear separation of speciWc cultivars (e.g., Forestburg and Carthage) and revealed expected and known relationships (e.g., clustering of Shawnee and Cave-in-Rock; Vogel et al. 1996) (Online Resource 3). Similarly, samples of unknown origin could be classiWed such as in the case of six samples from our breeding program that grouped with Summer and Dacotah and two samples grouped with Carthage (Online Resource 3).
In conclusion, we show molecular markers could be valuable for switchgrass breeding and genetic programs as they allowed the classiWcation of switchgrass germplasm by ecotype, ploidy, genetic pools, and cultivar. Further studies involving remnant native populations will be necessary to conWrm and understand the evolutionary forces that created the switchgrass genetic pools described herein as well as the current distribution of genetic diversity over the natural range.
